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Summary
Ca2+ triggers neurotransmitter release in at least two
principal modes, synchronous and asynchronous re-
lease. Synaptotagmin 1 functions as a Ca2+ sensor for
synchronous release, but its role in asynchronous re-
lease remains unclear. We now show that in cultured
cortical neurons stimulated at low frequency (%0.1
Hz), deletion of synaptotagmin 1 blocks synchronous
GABA and glutamate release without significantly in-
creasing asynchronous release. At higher stimulation
frequencies (R4 Hz), deletion of synaptotagmin 1 also
alters only synchronous, not asynchronous, release
during the stimulus train, but dramatically enhances
‘‘delayed asynchronous release’’ following the stimu-
lus train. Thus synaptotagmin 1 functions as an
autonomous Ca2+ sensor independent of asynchro-
nous release during isolated action potentials and ac-
tion potential trains, but restricts asynchronous re-
lease induced by residual Ca2+ after action potential
trains. We propose that synaptotagmin 1 occupies re-
lease ‘‘slots’’ at the active zone, possibly in a Ca2+-
independent complex with SNARE proteins that are
freed when action potential-induced Ca2+ influx acti-
vates synaptotagmin 1.
Introduction
Neurons exhibit two modes of Ca2+-triggered neuro-
transmitter release. When action potentials fire at low
frequency, most release is synchronous (also called
‘‘phasic’’). When action potentials fire at high frequency,
release becomes largely asynchronous (Barrett and Ste-
vens, 1972; Goda and Stevens, 1994; Cummings et al.,
1996; Atluri and Regehr, 1998; Lu and Trussell, 2000;
Hagler and Goda, 2001; Otsu et al., 2004; reviewed in
Atwood and Karunanithi, 2002). Synchronous release
is triggered by brief localized Ca2+ waves induced by ac-
tion potentials (Llinas et al., 1995), whereas asynchro-
nous release is triggered by increased bulk ‘‘residual’’
Ca2+ (Atluri and Regehr, 1998; Jensen et al., 2000; Kiri-
schuk and Grantyn, 2003). Asynchronous release in-
duced by high-frequency stimulation consists of two
types: (1) release during the stimulus train when syn-
chronous release still operates but is outcompeted by
asynchronous release, and (2) release after the stimulus
train (‘‘delayed release’’) when residual Ca2+ remains
sufficiently high to trigger synaptic vesicle exocytosis.
*Correspondence: Thomas.Sudhof@UTSouthwestern.eduIn addition to evoked synchronous and asynchronous
release, neurons exhibit spontaneous neurotransmitter
release independent of action potentials that will not
be examined here.
Synchronous and asynchronous release are derived
from the same pool of readily releasable vesicles
(Lu and Trussell, 2000; Otsu et al., 2004). During high-
frequency stimulation, release switches from synchro-
nous to asynchronous when the readily releasable pool
becomes depleted, and the accumulating residual Ca2+
triggers ‘‘asynchronous’’ exocytosis of vesicles as they
refill the pool. Under these conditions, action potentials
still induce waves of Ca2+ influx. Nevertheless, asynchro-
nous release outcompetes synchronous release for re-
covered quanta, probably because asynchronous re-
lease is triggered by a slow, high-affinity Ca2+ sensor
that operates in the intervals between the action poten-
tials. In contrast, delayed release is induced by residual
Ca2+ after the stimulus train ends, when no additional
waves of Ca2+ influx occur. At least in some synapses,
asynchronous release may be important to sustain syn-
aptic transmission during high-frequency stimulus trains
(Lu and Trussell, 2000), but the overall biological signifi-
cance of asynchronous release remains unclear.
In excitatory synapses of the hippocampus, synchro-
nous release is triggered by Ca2+ binding to synaptotag-
min 1 (Geppert et al., 1994; Ferna´ndez-Chaco´n et al.,
2001). Synaptotagmin 1 probably functions similarly in
Drosophila as synaptotagmin 1 is highly conserved
(Perin et al., 1991) and mutations of synaptotagmin 1 in
Drosophila have a similar phenotype (Di Antonio et al.,
1993; Littleton et al., 1993), although this conclusion is
not universally accepted (Robinson et al., 2002). A major
question is how synchronous release triggered by Ca2+
binding to synaptotagmin 1 relates to asynchronous re-
lease. One possibility is that independent Ca2+ sensors
control synchronous and asynchronous release, as sug-
gested in the analysis of synaptotagmin 1 mutant mice
(Geppert et al., 1994) and of release induced by high-
frequency stimulation (Hagler and Goda, 2001; Otsu
et al., 2004). However, in hippocampal autapses the total
amount of release triggered by an action potential, when
measured over a full second, is not dramatically different
in the presence and absence of synaptotagmin 1, and
only the time course of release differs (Shin et al.,
2003; Nishiki and Augustine, 2004). Similarly, release
triggered by low Ca2+ concentrations in the absence
of action potentials is enhanced in synaptotagmin 1 mu-
tants in Drosophila (Yoshihara and Littleton, 2002).
These findings suggested that deletion of synaptotag-
min 1 only changes the relative amount of synchronous
versus asynchronous release, but not the total amount
of release. Based on this conclusion, a second hypoth-
esis of synaptotagmin 1 function was proposed, namely,
that synaptotagmin 1 ‘‘synchronizes’’ release that would
normally happen anyway (Yoshihara and Littleton, 2002;
Nishiki and Augustine, 2004; reviewed in Tokuoka and
Goda, 2003).
To date, analyses of synaptotagmin 1 function were
restricted to autapses formed by cultured hippocampal
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chromaffin cells (e.g., see Geppert et al., 1994; Yoshi-
hara and Littleton, 2002; Shin et al., 2003; Nishiki and Au-
gustine, 2004; Voets et al., 2001; Sorensen et al., 2003).
Surprisingly, the role of synaptotagmin 1 has not been
studied in detail in an interneuronal synapse, the primary
site of action of synaptotagmin 1. Furthermore, the role
of synaptotagmin 1 at inhibitory synapses is unknown,
and thus the generality of synaptotagmin 1 as a Ca2+
sensor for synchronous release remains uncertain. Fi-
nally, the importance of synaptotagmin 1 for release
induced by high-frequency stimulus trains that physio-
logically occur in many synapses has not been investi-
gated. In investigating these questions, we now find
that deletion of synaptotagmin 1 severely impaired re-
lease at both inhibitory and excitatory interneuronal syn-
apses. Synaptotagmin 1 deficiency had no major effect
on asynchronous release induced by isolated action
potentials and did not significantly alter asynchronous
release during high-frequency stimulus trains. How-
ever, deletion of synaptotagmin 1 dramatically increased
delayed release. We propose that synchronous and
asynchronous release are independent of each other
when release is triggered by action potential-induced
Ca2+ influx and when synaptotagmin 1 as the Ca2+ sen-
sor for synchronous release competes with unknown
Ca2+ sensors for asynchronous release. However, when
release is triggered by residual Ca2+ without action
potential-induced Ca2+ influx and without Ca2+ binding
to synaptotagmin 1, synaptotagmin 1 restricts asynchro-
nous release.
Results
Excitatory Synaptic Transmission in Cortical
Neurons from Wild-Type and
Synaptotagmin 1 KO Mice
We analyzed synaptic transmission in mixed cortical
neurons cultured from littermate wild-type and synapto-
tagmin 1 knockout (KO) mice (Figure S1 in the Supple-
mental Data available with this article online). To monitor
synaptic transmission between neurons, we placed an
extracellular electrode near the cell body of a neuron, in-
duced action potentials by current injections (900 mA for
1 ms), and measured postsynaptic currents in a neigh-
boring neuron with whole-cell recordings.
Wild-type neurons exhibited typically large ampli-
tudes of AMPA-type excitatory postsynaptic currents
(EPSCs) in response to action potentials, whereas syn-
aptotagmin 1 KO neurons displayed w10-fold smaller
EPSC amplitudes (Figure 1A). To compare the time
course of release between wild-type and synaptotagmin
1-deficient neurons, we plotted the time-dependence of
the number of quanta released, measured as the charge
transfer during 10 ms intervals divided by the average
charge of spontaneous release events (Figure 1B). This
plot revealed that release at <300 ms after an action po-
tential was almost absent in synaptotagmin 1-deficient
synapses, while release at >300 ms, the time period at
which asynchronous release predominates after a single
action potential (Goda and Stevens, 1994), did not
change significantly.Synaptotagmin 1 Triggers Synchronous Release
in Inhibitory Synapses
To test whether synaptotagmin 1 also functions in inhib-
itory synapses, we monitored evoked inhibitory post-
synaptic currents (IPSCs) in the presence of the AMPA
receptor blocker CNQX (20 mM) and the NMDA receptor
blocker AP-5 (50 mM). We observed robust IPSCs in
wild-type neurons that were blocked with picrotoxin
(Figure 1C). In synaptotagmin 1-deficient neurons, inhib-
itory synaptic responses were severely impaired. Both
the IPSC amplitudes and the total synaptic charge trans-
fer over 1.5 s after an action potential were decreased
w10-fold in mutant synapses (Figure 1D). Again, we ob-
served no significant increase in asynchronous release
in synaptotagmin 1-deficient synapses.
IPSCs in synaptotagmin 1-deficient neurons were not
only smaller, but also displayed an w30-fold increase
in rise time and a large variation in onset (Figure 1C,
insets and Figure 1F). We estimated the speed of release
in 10 mM Ca2+ by integrating the total charge transfer
during single IPSCs in wild-type and synaptotagmin
1-deficient neurons over 1.5 s (Figure S2). The release
time course thus determined can be fitted to a double-
exponential function in wild-type neurons (t1 = 111 6
8 ms; t2 = 406 6 12 ms; n = 11), corresponding to the
fast and slow components of release, respectively. In
synaptotagmin 1-deficient neurons, however, single-
exponential fits were sufficient, yielding a time constant
similar to that of the slow release component (t = 466 6
17 ms; n = 19). Together, the decreased rise times, vari-
able latency, and slow time course of the residual release
in synaptotagmin 1-deficient synapses suggest that this
residual release is predominantly asynchronous.
A major concern in the analysis of a KO phenotype is
that the changes observed do not reflect the acute func-
tion of a protein, but its developmental history. To ad-
dress this concern, we examined IPSCs in neurons
that were infected with a lentivirus-expressing synapto-
tagmin 1. All aspects of the KO phenotype were rescued:
the kinetics of release (Figure 1C and Figure S2), the
IPSC amplitudes (Figure S3), and the synchronization
and rise times of responses (Figure 1F). Thus, synap-
totagmin 1 performs an essential function in Ca2+-
triggered release in inhibitory synapses similar to excit-
atory synapses, and this function is not developmentally
determined but acutely operates in the nerve terminal
during release.
Asynchronous Release in Synaptotagmin
1-Deficient Synapses Is Sensitive to EGTA
We next examined how EGTA-AM, an EGTA ester that is
hydrolyzed to the slow Ca2+ buffer EGTA in cells, affects
release. Wild-type neurons preincubated with EGTA-AM
(0.1 mM for 3–5 min) exhibited a moderate decrease in
the IPSC amplitude and an acceleration of the IPSC de-
cay (Figures 1D and 1H). These changes appeared to be
presynaptic because we observed no significant altera-
tions in the kinetics of spontaneous release events by in-
creasing the Ca2+ concentration or by addition of EGTA-
AM (Figure S4; note that the frequency of spontaneous
mIPSCs, measured in 10 mM extracellular Ca2+, was
increased from 3.4 6 0.4 Hz [n = 6] in wild-type to 11 6
0.6 Hz [n = 14] in mutant neurons; this increase will be
examined in a later study). In contrast to its moderate
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atory and Inhibitory Synaptic Transmission
during 0.1 Hz Stimulation
(A) Representative AMPA-type EPSCs
evoked by extracellular stimulation in 10 mM
extracellular Ca2+ in cultured cortical neurons
from wild-type (WT) and synaptotagmin 1 KO
mice (Syt 1 KO) (14 days in vitro; arrow indi-
cates time of stimulation). (B) Quantal release
in wild-type and synaptotagmin 1-deficient
neurons. The number of quanta released per
action potential was estimated by averaging
the charge transfer during 50 individual re-
sponses collected at 0.1 Hz. Charges were in-
tegrated over 10 ms bins and divided by the
average charge transfer of spontaneous
EPSCs (100 fC). Insert illustrates the average
EPSC amplitudes in wild-type and synapto-
tagmin 1-deficient neurons (n = 3; *p < 0.05).
(C) Representative IPSCs recorded in wild-
type neurons, naive synaptotagmin 1-defi-
cient neurons, and synaptotagmin 1-deficient
neurons infected with a lentivirus that ex-
presses full-length synaptotagmin 1. Record-
ings were performed in 10 mM extracellular
Ca2+ in the presence of AP-5 and CNQX.
Note that the wild-type IPSCs can be com-
pletely blocked by picrotoxin (PTX). The in-
serts below the traces show expansions of
the initial phase of individual IPSCs to illus-
trate the variability of onset in responses re-
corded from synaptotagmin 1-deficient neu-
rons. (D–G) Quantitation of the properties of
EPSC and IPSC amplitudes (top panels) and
synaptic charge transfer (bottom panels). (D)
depicts mean IPSC amplitudes and charge
transfers in wild-type (WT) or synaptotagmin
1 KO synapses in 2 mM or 10 mM Ca2+, as in-
dicated, in the absence or presence of 0.1 mM
EGTA-AM. (E) displays the ratios of IPSC am-
plitudes and charges evoked in EGTA-AM-
treated versus untreated synapses, and (F) il-
lustrates the standard deviation of time-to-
peak (top) or rise times (bottom) of IPSCs in
wild-type and KO synapses and KO synapses
from neurons after lentiviral rescue (all in
10 mM Ca2+). (G) shows EPSC amplitudes
and charges for KO synapses in the absence
and presence of EGTA. Error bars indicate
mean 6 SEM; number of neurons analyzed:
(D and E): WT, n = 21; WT/EGTA, n = 6; KO
2 mM Ca2+, n = 6; KO/EGTA 2 mM Ca2+, n = 3;
KO 10 mM Ca2+, n = 28; KO/EGTA 10 mM Ca2+,
n = 9; (F [top]): WT, n = 32; KO, n = 14; KO res-
cued, n = 3; (F [bottom]): WT, n = 7; KO, n = 17;
KO rescued, n = 6; (G): KO, n = 9; KO/EGTA, n =
3. Asterisks indicate statistically significant
differences for KO versus wild-type: *p <
0.05; **p < 0.01; ***p < 0.001. (H) Representa-
tive IPSCs recorded from the same wild-type
or synaptotagmin 1-deficient neurons in 10
mM extracellular Ca2+ before and 2 min after
addition of 0.1 mM EGTA-AM. (I) Representa-
tive EPSCs recorded in 10 mM extracellular
Ca2+ from synaptotagmin 1-deficient neurons
before and after addition of 0.1 mM EGTA-
AM. All data shown represent means6 SEM.effects in wild-type neurons, EGTA-AM nearly abolished
the residual release that remains in synaptotagmin 1-de-
ficient neurons (Figures 1D and 1H), as evidenced by the
low ratio of EGTA-resistant release to total release (Fig-ure 1E). We observed a similarly dramatic suppression
by EGTA-AM on EPSCs in synaptotagmin 1-deficient
neurons (Figures 1G and 1I). Since previous studies
showed that asynchronous release is much more
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(A) Representative traces of IPSCs of wild-type neurons stimulated
by 50 action potentials applied at 10 Hz. Responses were recorded
in the presence of 2 mM extracellular Ca2+ (top), 10 mM Ca2+ (mid-
dle), or 10 mM Ca2+ after addition of 0.1 mM EGTA-AM (bottom). Ar-
rows indicate the end of the stimulus train. Calibration bars apply to
all traces. (B) Time-to-peak (normalized for the initial response) of in-
dividual IPSCs during 20 Hz stimulus trains plotted as a function of
stimulus number (n = 3). (C) Representative IPSCs and EPSCs
from synaptotagmin 1-deficient neurons stimulated by 50 action po-
tentials at 10 Hz in 10 mM Ca2+ before or after addition of 0.1 mM
EGTA-AM. Arrows indicate the end of the stimulus train. Calibration
bar on the right applies to all traces. (D and E) Average synaptic
charge transfer per action potential calculated for inhibitory re-
sponses from wild-type (D) and synaptotagmin 1-deficient neurons
(E) during a 10 Hz stimulus train. For each time interval between ac-
tion potentials, the total charge transfer including asynchronous re-
lease was calculated (see inset in [D]). Recordings were performed in
10 mM Ca2+ without (control) or with 0.1 mM EGTA-AM ([D]: control,sensitive to EGTA-AM than synchronous release (Otsu
et al., 2004), and since we used relatively low concentra-
tions of EGTA-AM (0.1 mM) but a high extracellular Ca2+
concentration (10 mM), these results indicate that all of
the residual release in synaptotagmin 1-deficient neu-
rons is probably asynchronous.
Role of Synaptotagmin 1 during
Repetitive Stimulation
To test the role of synaptotagmin 1 in Ca2+-triggered re-
lease evoked by high-frequency stimulus trains, we ex-
amined IPSCs induced by 50 action potentials applied
at 10 Hz in 2 mM or 10 mM extracellular Ca2+ (Figure
2A). In wild-type neurons, the first synaptic response
was synchronous. Starting with the second action po-
tential, however, synchronous IPSCs were superim-
posed on a background current that is likely due to asyn-
chronous release (Otsu et al., 2004). Synchronous IPSCs
riding on top of the asynchronous component were dis-
cernable throughout the stimulus train in 2 mM Ca2+, but
were occluded in 10 mM Ca2+ (Figure 2A). EGTA-AM
nearly eliminated asynchronous release during the stim-
ulus train and resynchronized synaptic responses (Fig-
ure 2A and Figure S5). Similar observations were made
at other stimulation frequencies (data not shown).
The synchronization of release by EGTA was visual-
ized by plotting the time-to-peak of IPSCs as a function
of stimulus number (Figure 2B). During stimulus trains,
the shapes of IPSCs become more and more irregular
in the absence of EGTA, but remain uniform in the pres-
ence of EGTA (Figure S5). Although EGTA-AM partly
lowers synchronous release in addition to suppressing
asynchronous release (Figures 1C and 1D), we detected
no facilitation of responses during the stimulus train by
EGTA-AM (Figure 2A), presumably because residual
Ca2+ is required for facilitation (Zucker and Regehr,
2002). After the stimulus train, we observed a tail current
that corresponds to delayed asynchronous release
(Atluri and Regehr, 1998). Similar to asynchronous re-
lease during the stimulus train, this tail current was abol-
ished by EGTA-AM similar to asynchronous release dur-
ing the stimulus train (Figure 2A and Figures S6 and S7).
In synaptotagmin 1-deficient neurons, initial re-
sponses at the beginning of a stimulus train were nota-
bly decreased compared to wild-type neurons, whereas
the remaining synaptic currents were similar (Figure 2C).
The large size of initial responses in wild-type synapses
versus their slow buildup in synaptotagmin 1-deficient
synapses is illustrated by plotting the synaptic charge
transfer as a function of the stimulus number (Figures
2D and 2E). The loss of the initial release component,
but not of steady-state release, during the stimulus train
agrees well with the selective loss of synchronous, but
not asynchronous, release in synaptotagmin 1-deficient
neurons. EGTA-AM suppressed asynchronous release
during the stimulus train and delayed release in the syn-
aptotagmin 1-deficient neurons similarly to its effects on
wild-type neurons (Figure 2C). However, unlike the case
in wild-type neurons, EGTA-AM did not synchronize
n = 5; EGTA-AM, n = 6; [E]: control, n = 11; EGTA-AM, n = 11). The
smooth lines represent the difference between the responses in the
absence and presence of EGTA. All data shown represent means 6
SEM.
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ses a Selective Increase in Delayed Release
IPSCs were triggered by trains of 2–30 action
potentials applied at 4 Hz (A) or 10 Hz (B) in 2
mM Ca2+. The current traces illustrate typical
IPSCs recorded from wild-type (red) and syn-
aptotagmin 1-deficient neurons (blue) trig-
gered by trains of eight action potentials.
The scale bars apply to all traces. The arrows
indicate the tail currents (delayed release) ob-
served at the end of stimulus trains. Average
charges were calculated separately for re-
lease observed during repetitive stimulation
(top panels), delayed release (middle panels),
and total release (bottom panels) and were
plotted as a function of the number of action
potentials in a stimulus train. A: wild-type,
n = 8; synaptotagmin 1 KO, n = 8; B: wild-
type, n = 11; synaptotagmin 1 KO, n = 7, syn-
aptotagmin 1 KO with EGTA-AM, n = 3. For
experiments analyzing delayed release in
10 mM Ca2+ in response to stimulation fre-
quencies of 5–50 Hz, see Figure S6. All data
shown represent means 6 SEM.synaptic responses in synaptotagmin 1-deficient neu-
rons, presumably because the synchronous component
of release is missing. Interestingly, if we subtract the
EGTA-AM-resistant release from the control release in
wild-type neurons (Figure 2D), we observe a time course
for the EGTA-sensitive release component that—except
for the initial responses—closely resembles the time
course of release in synaptotagmin 1-deficient neurons
(Figure 2E).
Selective Augmentation of Delayed Release by
Deletion of Synaptotagmin 1
We next systematically studied the amount of synaptic
charge transfer during and after stimulus trains of differ-
ent lengths and frequencies (Figure 3 and Figures S6
and S7). When we applied 2–30 action potentials at 4
Hz or 10 Hz in 2 mM extracellular Ca2+, the amount of
release during the stimulus trains was identical between
wild-type and synaptotagmin 1-deficient neurons. Sur-
prisingly, however, delayed release after the stimulus
trains was increased in synaptotagmin 1-deficient neu-
rons. After only two action potentials, delayed release
was augmented; after w10 action potentials, delayed
release reached a plateau that was 2- to 5-fold higher
in mutant than in wild-type synapses (Figure 3 and Fig-ure S6). The increase in delayed release with no change
in stimulus train-induced release was also observed
when we enhanced the release probability by raising
the extracellular Ca2+ concentration, was found at all
tested stimulation frequencies (5–50 Hz; Figure S6),
and was associated with an increase in decay constants
(Figure S7). This observation is not simply due to non-
specific damage of the mutant synapses by high-
frequency stimulation, because EGTA-AM almost com-
pletely blocked release during and after the stimulus
train in wild-type and mutant neurons (Figure 3).
Release Induced by Directly Introducing Ca2+ into
Nerve Terminals Using Ionomycin
The increase of delayed release in synaptotagmin 1-
deficient synapses indicates that in these synapses, re-
sidual Ca2+ remaining after a stimulus train (but not dur-
ing the stimulus train) may be more potent in triggering
asynchronous release. However, it is also possible that
a difference in the clearance of residual Ca2+ or an unex-
pected role for synaptotagmin 1 in inhibiting vesicle re-
cycling may cause the increase of delayed release. Al-
though the fact that only two action potentials at 4 Hz are
sufficient to induce increased delayed release in mutant
synapses argues against these alternative explanations,
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and size of IPSCs induced by addition of the Ca2+
ionophore ionomycin (Figure 4). When ionomycin is
added to the medium, it spontaneously incorporates
into the neuronal plasma membrane, allowing Ca2+ to
directly enter nerve terminals. We found that synapto-
tagmin 1-deficient synapses responded to ionomycin
almost twice as fast as wild-type neurons, whereas the
total amount of release (which presumably corresponds
to the readily releasable pool) was identical (Figure 4).
This result supports the hypothesis that uniformly in-
creased concentrations of bulk intracellular Ca2+ trigger
asynchronous release in synaptotagmin 1-deficient syn-
Figure 4. Effect of Ionomycin on Release in Wild-Type and Synapto-
tagmin 1-Deficient Synapses
(A) Typical IPSCs triggered by application of 5 mM ionomycin in wild-
type (red) and synaptotagmin 1-deficient neurons (blue) in 1 mM
Ca2+. Excitatory currents were blocked by AP5 and CNQX. The scale
bars apply to both traces. (B) Normalized cumulative charge as
a function of time to illustrate the kinetics of ionomycin-induced re-
lease in wild-type and synaptotagmin 1-deficient synapses. (C) Av-
erage delays from the point of application of ionomycin to maximum
amplitude of inhibitory response in wild-type and synaptotagmin 1-
deficient neurons (left); rise times from 10% of ionomycin-induced
response to maximum response (middle), and total synaptic charge
transfer for ionomycin-induced responses recorded from wild-type
and synaptotagmin 1-deficient neurons (B and C, right: wild-type,
n = 11; synaptotagmin 1 KO, n = 9). All data shown represent
means 6 SEM.apses at lower concentrations but in the same quantity in
comparison with wild-type synapses.
Discussion
We employed electrophysiological recordings from in-
terneuronal synapses in mixed cultures of cortical neu-
rons to show that synaptotagmin 1 is essential for
Ca2+ triggering of synchronous release at both excit-
atory and inhibitory synapses, but is not essential for
asynchronous release at these synapses. We then ex-
amined synchronous and asynchronous release in
wild-type and synaptotagmin 1-deficient neurons under
three conditions: (1) In response to isolated action po-
tentials, (2) during action potential trains, and (3) during
delayed release following action potential trains.
Under the first condition, in response to isolated ac-
tion potentials, release in wild-type neurons was almost
entirely synchronous, but dramatically depressed in
synaptotagmin 1-deficient neurons. The small amount
of residual release in mutant synapses was primarily
asynchronous, as shown by the increased rise times,
variable onset, and EGTA sensitivity (Figure 1). Although
we cannot rule out a small increase in asynchronous re-
lease in synaptotagmin 1-deficient neurons, any such
increase must be minor because the total release in syn-
aptotagmin 1-deficient neurons was so low. Thus, dele-
tion of synaptotagmin 1 does not disinhibit asynchro-
nous release induced by action potentials in cortical
excitatory or inhibitory synapses. This is in contrast to
previous observations in autapses where we (Shin
et al., 2003) and others (Nishiki and Augustine, 2004) ob-
served that the deletion of synaptotagmin 1 dramatically
changes the time course of release, but has a much
lesser moderate effect on the total amount of release in-
tegrated over 1 s.
During action potential trains (the second condition),
release in wild-type neurons was initially synchronous,
but quickly became almost entirely asynchronous. Re-
lease in synaptotagmin 1-deficient neurons lacked the
initial synchronous phase, but retained the dominant
asynchronous phase. As a result, the total amount of re-
lease during stimulus trains, different from the release
induced by isolated action potentials, was indistinguish-
able between synaptotagmin 1-deficient and wild-type
neurons. Thus, when a steady train of action potentials
pulses the nerve terminal with Ca2+ but at the same
time releases switches into a primarily asynchronous
mode, synaptotagmin 1-deficient neurons respond re-
markably similarly to wild-type neurons.
Under the third condition, delayed release following
action potential trains, deletion of synaptotagmin 1 dra-
matically increased asynchronous release independent
of the stimulation frequency, number of action poten-
tials, and extracellular Ca2+ concentration. Thus, dele-
tion of synaptotagmin 1 disinhibits asynchronous re-
lease under conditions in which an elevated level of
residual Ca2+ (accumulated during the stimulus train)
triggers asynchronous release, but no additional pulses
of peak Ca2+ are added by action potentials.
Based on these findings, we conclude that synapto-
tagmin 1 does not directly affect the action of the
Ca2+ sensor for asynchronous release in interneuronal
synapses during action potential-induced release and
Role of Synaptotagmin 1 in Asynchronous Release
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in agreement with previous findings that the Ca2+
sensors for synchronous and asynchronous release
operate independently (Lu and Trussell, 2000; Otsu
et al., 2004) and that in chromaffin cells mutations of
synaptotagmin 1 selectively impair the fast component
of Ca2+-triggered exocytosis without changing the size
of the slower components (Voets et al., 2001; Sorensen
et al., 2003). The lack of a change in total release during
the stimulus train in synaptotagmin 1-deficient synap-
ses is probably not due to saturation of responses, since
it was already observed after a few stimuli.
However, synaptotagmin 1 does alter Ca2+ triggering
of asynchronous release because it dramatically in-
creases delayed release. This observation suggests
a mechanistic difference between asynchronous re-
lease during and after a stimulus train and could be
explained by at least three hypotheses. First, synapto-
tagmin 1 normally suppresses Ca2+ triggering of asyn-
chronous release when the cytoplasmic bulk Ca2+ con-
centration is elevated, but no action potential-induced
waves of Ca2+ influx occur. According to this hypothe-
sis, synaptotagmin 1 only suppresses asynchronous
release when it itself does not bind Ca2+ after an action
potential. Second, synaptotagmin 1 normally decreases
residual Ca2+ after a stimulus train, leading to an in-
crease in residual Ca2+ in mutant synapses and thus
more delayed release. Third, synaptotagmin 1 normally
inhibits vesicle endocytosis, recycling, and/or reprim-
ing; as a result, deletion of synaptotagmin 1 causes a
relative increase in available vesicles after a stimulus
train. We tested these mechanisms in stimulation ex-
periments that applied a large range of action potential
numbers (1–50), frequencies (4–50 Hz), and two different
concentrations of extracellular Ca2+. The results demon-
strated that increased delayed release in mutant synap-
ses is independent of the release probability or the num-
ber of action potentials, and they strongly argue against
the second and third hypotheses. Moreover, we directly
monitored release after addition of ionomycin, which
uniformly increases the bulk Ca2+ concentration in nerve
terminals in a time-dependent manner, and found that
mutant synapses responded much earlier during Ca2+
influx (i.e., at lower Ca2+ concentrations), but exhibited
the same amount of total release (consistent with previ-
ous data showing that the size of the readily releasable
pool is unaltered in synaptotagmin 1-deficient neurons;
Geppert et al., 1994).
Together, these findings indicate that synaptotagmin
1 impedes asynchronous release only when it itself
does not become Ca2+ bound, but it has no effect on
asynchronous release when it becomes Ca2+ bound—
even if Ca2+ binding to synaptotagmin 1 does not actu-
ally trigger synchronous release under that particular
condition. A plausible hypothesis to explain these sur-
prising findings is based on the previous observation
that synchronous and asynchronous release are derived
from the same pool of release-ready vesicles (Lu and
Trussell, 2000; Otsu et al., 2004). We thus hypothesize
that synaptic vesicles normally occupy ‘‘slots’’ from
which they are stimulated for release by Ca2+. These
slots are frozen, at least partially, if synaptotagmin 1
does not become Ca2+ bound. A possible physical basis
for the frozen release slots is the Ca2+-independentcomplex that synaptotagmin 1 forms with SNARE pro-
teins (Bennett et al., 1992; Shin et al., 2003; Rickman
and Davletov, 2003).
Finally, how can we reconcile our results with studies
that report a general increase in asynchronous release in
synaptotagmin 1-deficient synapses and conclude that
synaptotagmin 1 simply sychronizes release (Yoshihara
and Littleton, 2002; Nishiki and Augustine, 2004)? In au-
taptic neurons, the presynaptic and the postsynaptic
cell are one and the same. Thus, even isolated action po-
tentials may result in global cellular Ca2+ increases that
resemble the increase in bulk Ca2+ observed in interneu-
ronal synapses after stimulus trains, and the type of
asynchronous release observed in autapses may ef-
fectively correspond to delayed release. Moreover, in
Drosophila the major evidence that synaptotagmin 1
synchronizes release was based on the observation
that in synaptotagmin 1 mutants, depolarization of nerve
terminals in a solution with a low extracellular Ca2+ con-
centration (too low to trigger synchronous release) leads
to increased asynchronous release in synaptotagmin
1-deficient neurons (Yoshihara and Littleton, 2002).
However, this observation exactly duplicates the condi-
tions of delayed release under which we also show that
the synaptotagmin 1 deletion indeed potentiates asyn-
chronous release and thus is consistent with the model
proposed above.
Experimental Procedures
Neuron Culture
Primary cortical neurons were isolated from E18 or P1 pups of wild-
type or synaptotagmin 1-deficient mice, dissociated by trypsin di-
gestion, and plated on Poly-D-lysine-coated glass coverslips (Kava-
lali et al., 1999). The neurons were cultured in vitro for 12–16 days in
MEM (Gibco) supplemented with B27 (Gibco), glucose, transferrin,
fetal bovine serum, and Ara-C (Sigma).
Electrophysiology
Synaptic responses were triggered by 1 ms current injection (900 mA)
through a local extracellular electrode (FHC, Inc.) and recorded in
a whole-cell mode using Multiclamp 700A amplifier (Axon Instru-
ments, Inc.). The frequency, duration, and magnitude of extracellular
stimulus were controlled with Model 2100 Isolated Pulse Stimulator
(A-M Systems, Inc.). The whole-cell pipette solution contained 135
mM CsCl2, 10 mM HEPES, 1 mM EGTA, 1 mM Na-GTP, and 1 mM
QX-314 (pH, 7.4). The bath solution contained 140 mM NaCl, 5 mM
KCl, 2 mM or 10 mM CaCl2, 0.8 mM MgCl2, 10 mM HEPES, and 10
mM glucose (pH, 7.4). Excitatory and inhibitory postsynaptic cur-
rents were separated pharmacologically by the addition of 100 mM
picrotoxin or 50 mM AP-5 and 20 mM CNQX, respectively, to the
bath solution. EGTA-AM (Molecular Probes) was used at a concen-
tration of 100 mM. All further details of the experimental procedures
are described in the Supplemental Data.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and seven figures with legends and can be found with this article on-
line at http://www.neuron.org/cgi/content/full/48/4/547/DC1.
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